ABSTRACT In this paper, we investigate the performance of a discrete Fourier transform (DFT)-spread OFDM signal in an intensity-modulation/direct-detection system. We find that DFT-spread OFDM could reduce the peak-to-average power ratio effectively and hence improve the nonlinearity tolerance. Furthermore, DFT-spread OFDM also improves the receiver sensitivity performance and shows good robustness to nonlinearity distortion caused by low-bit resolution digital-to-analog converters and analog-to-digital converters. The measured bit error ratio of DFT-spread OFDM signal after a 40-km standard single mode fiber is well less than the forward-error correction limit of 3.8 × 10 −3 .
I. INTRODUCTION
To meet the explosive growing bandwidth requirements of services such as internet of things (IOT), high-definition television (HDTV), and mobile fronthaul networks (MFN) of the fifth generation (5G) communication system, massive efforts have been made to improve the capacity of short reach optical communication systems [1] - [3] . Moreover, the passive optical network (PON) [4] - [6] has been widely adopted as one of the main fiber-to-the-home (FTTH) solutions to meet the low-cost demands of the access networks. PON technologies are expected to deliver an aggregate capacity of 40Gb/s and the next generation PON stage 2 (NG-PON2) standardization work has adopted time-/wavelength-division multiplexing (TWDM) scheme to address this problem [7] . However, NG-PON2 still maintains the use of conventional on-off keying (OOK) modulation with transmission speeds preserved at 10Gb/s per wavelength, resulting in a low spectral efficiency (SE). It is widely accepted that the future generation PON technologies must exceed the 10Gb/s per wavelength limitation to further increase access network capacity, and the conventional binary OOK is obviously not an appropriate choice.
The associate editor coordinating the review of this manuscript and approving it for publication was Qilian Liang.
It is preferred to use advanced modulation formats with higher SE more than 1 bit/s/Hz instead of OOK modulation for the system beyond NG-PON2, such as orthogonal frequency-division multiplexing (OFDM), pulse amplitude modulation (PAM), high order QAM. Among these formats, OFDM has gained substantial interests from both the academic and industrial communities by virtue of its substantial advantages like high SE, strong robustness to dispersion and simple distortion equalization [8] - [19] . Moreover, OFDM is transparent to modulation formats and hence easy to upgrade to higher capacity with advanced modulation formats. OFDM-based PON has become one of the most promising solutions for future optical access and data center networks.
Optical OFDM can be mainly classified into direct detection OOFDM (DDO-OFDM) and coherent optical OFDM (CO-OFDM) based on the different detection methods. CO-OFDM has high receiver sensitivity, but the system configuration is complex, which is more suitable for long-haul high-speed optical transmission. The system configuration of DDO-OFDM is fairly simplified and cost-effective, which makes it more suitable for short reach optical communication system.
The high peak-to-average power ratio (PAPR) of the OFDM signal is a severe problem for DDO-OFDM system. High PAPR degrades the performance of OFDM signal, especially for the generation of high order QAM (e.g., 64-, 256-and 1024-QAM) encoded OFDM signals. The OFDM signal with high PAPR requires high-resolution digital-to-analog converters (DACs) and analog-to-digital converters (ADCs), and suffers from the nonlinearity of the electrical and optical components (e.g., RF amplifier, optical modulator and fiber).
The techniques to mitigate PAPR in OFDM system have been studied extensively and several schemes like predistortion, coding and probability scheme have been proposed [20] - [22] . However, drawbacks like degrading the performance, reducing spectral efficiency and increasing the complexity also come along with these schemes.
Discrete Fourier transform (DFT)-spread OFDM has been used in wireless communications and has already been incorporated into the uplink of the 4G mobile standard, known as long-term-evolution (LTE) [23] . It has also been introduced into the intensity-modulation/direct-detection (IM/DD) system because of the advantage of PAPR reduction [24] - [27] .
In this paper, we compare the performance of DFT-spread OFDM and conventional OFDM in IM/DD system over 40-km standard single mode fiber (SSMF). Compared to conventional OFDM, DFT-spread OFDM has lower PAPR and demonstrates better receiver sensitivity and nonlinearity tolerance performance. It also performs well in resisting nonlinearity distortion from low-bit resolution DAC/ADC. We demonstrated transmission of 11.89 Gbit/s DFT-spread 16-QAM OFDM signal in IM/DD system. Simulation results of Q value and bit error ratio (BER) show that DFT-spread OFDM outperforms conventional OFDM.
The rest of the paper is organized as follows.
In Section II, we analyze the operation principle of DFT-Spread OFDM. The simulation setup is described in Section III. Section IV analyzes the simulation results. Finally, the paper is concluded in Section V. Fig. 1 shows the DSP processes of DFT-spread OFDM at both transmitter and receiver side. The modulation process is shown in Fig. 1(a) . The Original data are first converted into M parallel channels, where M is an integer with the range of [N/4, N/2-1] (N is the IFFT/FFT size), and mapped into M complex QAM symbols. Then M-point DFT is implemented and every mapped symbol can be spread into M subcarriers. To obtain the real-valued outputs from N-point IFFT, Hermitian conjugate symmetric structure is constructed before IFFT. Cyclic prefix (CP) is appended in front of each IFFT output to avoid inter-symbol interference (ISI). The parallel IFFT outputs are then converted into serial data and sent out.
II. OPERATION PRINCIPLE
The demodulation process at receiver side is shown in Fig. 1(b) . The DSP process mainly includes CP removal, N-point FFT, channel estimation and equalization, M-point IDFT and QAM demapping. It should be noted that except for the DFT and IDFT parts, the other processes are the same as the conventional OFDM. Therefore, upgrading from the existing conventional OFDM to DFT-spread OFDM does not need much modification.
III. SIMULATION SETUP
The simulation setup for the performance investigation of DFT-spread and conventional OFDM signal is shown in Fig. 2 . The red, blue and black lines represent the optical, electrical and digital signals respectively. Matlab and VPItransmissionMaker are jointly used for simulation to verify the performance of DFT-Spread OFDM system. Matlab programs are utilized for digital signal generation and demodulation. VPItransmissionMaker is utilized to simulate the electrical and optical modules, as well as the optical fiber links. The Pseudo-Random Binary Sequence (PRBS) is used as the original data. The system sampling rate is set to VOLUME 7, 2019 be Fs=10GSa/s. The OFDM transmitter design allows up to 128 subcarriers. However, not all of the available bandwidth could be used because of the need for oversampling. This is due to the fact that the DAC generates the signal with a zero-order hold characteristic, creating an image (a mirror copy of the baseband) above the Nyqist frequency (Fs/2). 99 subcarriers are used to carry data and each data-carrying subcarrier is mapped into 16-QAM. The 99-point DFT outputs are assigned to the corresponding subcarriers. 27 subcarriers in high frequency are empty for oversampling, and the oversampling rate is 1.28. The IFFT size is 256 after Hermitian conjugate symmetric structure constructed. CP with 32 samples is added to avoid ISI. 10 training symbols (TSs) are used every 64 OFDM symbols for channel estimation. An optical OFDM signal with a net data rate of 11.89 Gb/s (10G ×4 × 99/256 × 256/288 × 64/74) is obtained, and the occupied bandwidth is 3.91 GHz (10G × (99+1)/128×1/2). The digital signal after DSP process is loaded to an 8-bit resolution DAC. A low pass filter (LPF) is used to remove the OFDM band image introduced by the DAC. The DAC output is loaded to a Mach-Zehnder modulator (MZM) to generate the modulated optical waveform.
The optical waveform is launched into 40km dispersion uncompensated SSMF. The fiber parameters are set as follows, the dispersion index, attenuation, nonlinear index and effective core area of fiber are 16ps/nm/km, 0.2dB/km, 2.6×10 −20 m 2 /W and 80 × 10 −12 m 2 respectively. Erbium-doped fiber amplifier (EDFA) and variable optical attenuator (VOA) are used to control the launch power into fiber.
At the receiver side, another VOA is used to control the received optical power (ROP). The received optical signal is directly detected by a photodiode (PD) and converted to electrical signal. The PD outputs are sampled with an 8-bit resolution ADC and processed with Matlab program for demodulation.
IV. RESULTS AND DISCUSSIONS
We use the simulation system described in section III to evaluate the performance of DFT-spread and conventional OFDM by mean of the indicators like receiver sensitivity, nonlinearity tolerance.
In order to evaluate the system more effectively, in addition to BER, Q-value is also used to evaluate the performance. The definition of Q-value is
where N sc is the number of subcarrier, N is the number of received OFDM symbol, C ik is the received i-th data symbol on the k-th subcarrier, and C i,ave is the average of corresponding received OFDM symbols.
Same original data are utilized in both DFT-spread and conventional OFDM modulation. In this simulation research, The PAPR of conventional OFDM signal is 12.9dB, and the PAPR reduced to 10.3dB with the added DFT process. It can be seen that DFT-spread could reduce PAPR effectively.
A. RECEIVER SENSITIVITY ANALYSIS
The receiver sensitivity performance is investigated in this part. The launce power into fiber is fixed at 8dBm. The ROP varies from -10dBm to 0dBm by adjusting the VOA at receiver side. Fig. 3 show that the DFT-spread OFDM has better receiver sensitivity performance than conventional OFDM. When the ROP is larger than -5dBm, the DFT-Spread OFDM system is error free, while the ROP should be larger than -2dBm for conventional OFDM to get the error-free status. At the FEC limit, the DFT-Spread OFDM improves the receiver sensitivity about 2.5dB, which means that the DFT-Spread OFDM can be transmitted for a farther distance.
B. NONLINEARITY TOLERANCE ANALYSIS
When the launch power into fiber is too large, the influence of nonlinearity effect will appear and nonlinear distortion will be caused. Since DFT-spread OFDM has lower PAPR, it is expected to have better nonlinearity tolerance. The nonlinearity tolerance performance is investigated in this part. The ROP is fixed at -2dBm. The launce power into fiber varies from 6dBm to 22dBm by adjusting the EDFA and VOA at transmitter side. Fig. 4 show that the performance of DFT-spread OFDM is always better than that of conventional OFDM, 3dB Q value gain could be obtained at low launch power. The system performance begins to deteriorate obviously when the launch power reaches 14dBm. When the launch power is larger than 17dBm, the errors appear for the conventional OFDM system, while for DFT-Spread OFDM errors appear until launch power is larger than 19dBm. The DFT-Spread OFDM appears better nonlinearity tolerance performance than conventional OFDM. At the FEC limit, the DFT-Spread OFDM improves the nonlinearity tolerance about 1dB. The results above prove that DFT-spread has better nonlinearity tolerance and larger acceptable launch power than conventional OFDM.
C. PON DOWNSTREAM SETUP
The NG-PON2 systems require flexibility to balance trade-offs in speed, distance, and split ratios for various applications. For the downstream channel, this parameter combinations should be met, 40 Gbit/s downstream capacity and 20 km reach with at least 1:64 split. Since TWDM is adopted for NG-PON2, the single wavelength transmission rate is 10 Gbit/s.
In this paper, we consider the PON downstream setup as shown in Fig.5 . The fiber link is 40 km, and the split ratio is 1:64. The single wavelength net data rate is 11.89Gb/s as described in section III.
The simulation setup is adjusted for the PON downstream study. The 1:64 splitter is equivalent to 18dB power attenuation, so the VOA at the receiver side is fixed at 18dB for simplicity. Consider both receiver sensitivity and nonlinearity tolerance performance shown above, the launch power into fiber varies from 17dBm to 21dBm. The other parameters are the same as previous simulation. Both DFT-spread and conventional OFDM performance are investigated in the PON downstream system. Fig. 6 shows simulation results. The system performance is influenced by both noise and nonlinearity. The results show that the DFT-Spread OFDM could meet the requirement of FEC limit with launch power from 18dBm to 20dBm, while for the conventional OFDM, the FEC requirement is unable to be met anymore. The results mean that the DFT-Spread OFDM is suitable for the assumed PON downstream system in Fig. 5 , while the conventional OFDM could not meet the requirement.
D. DAC/ADC RESOLUTION ANALYSIS
For practical system, the bit resolution of DAC and ADC should be considered. Low bit resolution will cause signal nonlinearity distortion and deteriorate system performance. And high bit resolution will increase the computational complexity and system cost. Therefore, an appropriate bit resolution is needed to be utilized by considering both facts. We adjusted the bit resolution of DAC/ADC and investigate the system performance in this part. Fig. 7 shows the Q value and BER performance with different bit resolution. The launce power and ROP are fixed at 19dBm and -7dBm respectively. The resolution varies from 4-bit to 12-bit. The results show that the FEC limit requirement could be met when bit resolution higher than 5-bit, which means that DFT-spread OFDM performs well in resisting nonlinearity distortion caused by DAC/ADC. When the resolution achieves 8-bit, the system performs well. As the resolution continues to increase, system performance does not improve significantly. Therefore, we believe that the 8-bit resolution is the most reasonable choice for the practical system.
V. CONCLUSION
In this paper, we investigated the performance of DFT-spread 16-QAM OFDM signal in an IM/DD system. We find that DFT-spread OFDM could reduce the PAPR effectively, and hence improve the nonlinearity tolerance. Furthermore, DFT-spread OFDM improves the receiver sensitivity and also represents good robustness to low-resolution nonlinearity distortion of DAC/ADC. The measured BER of DFT-spread OFDM signal after 40-km SSMF is well less than the FEC limit of 3.8×10 −3 . Moreover, The DFT-spread OFDM performs well in the assumed PON downstream system where conventional OFDM could not meet the requirement. The research results show that DFT-spread OFDM is suitable for the high-speed short reach optical communication systems, and DFT-spread OFDM-PON is a promising candidate for the system beyond NG-PON2. 
